We report recent progress on Au-and Pt-catalyzed cascade reactions to access complicated molecular frameworks. Reported reactions include new cyclization/cycloaddition cascades on carbonyl and epoxide substrates tethered with an allene, alkene, and alkyne. Such substrates enable Au-catalyzed cascade reactions comprising an initial cyclization to form reactive 1,n-dipole that undergoes subsequent cycloadditions with suitable dipolarophiles.
INTRODUCTION
Traditional metal-catalyzed reactions [1] typically produce one chemical bond that is unsuitable to access compounds with molecular complexity. Metal-catalyzed tandem reactions can generate several chemical bonds in a single operation. Au and Pt catalysis is emerging as a rapidly growing field, especially in the electrophilic activation of alkynes, allenes, and alkenes [2, 3] , but Au is also a soft Lewis acid, providing an effective activation of O-and N-containing electrophiles such as aldehydes, ketones, imines, and epoxides [4] . Au catalysts are beneficial in the design of new catalysis because of their less oxophilicity to facilitate regeneration of the catalyst.
Organizing a summary of Au-and Pt-catalyzed cascade reactions needs caution because of diverse reaction paths. In many instances, products from cascade reactions are too complicated to attract a general readership; forming too many bonds in a one-pot operation also leads to a loss of focus and confusion. To give a topic with scientific merit, we emphasize a cyclization/cycloaddition cascade involving an initial cyclization to generate a reactive 1,n-dipole that subsequently undergoes cycloaddition with a suitable dipolarophile. We envisage that such a three-bond forming-process meets the reaction simplicity, and will become attractive to general readers. A protocol is illustrated in Scheme 1, involving substrates bearing donor (alkene, carbonyl, and epoxide), tethered with an acceptor including metal-coordinated allene, carbonyl, and alkyne; reported instances of this specific protocol are increasing rapidly, which reflects its importance.
OXOALKYNES
Oxoalkyne substrates (2-1) undergo cycloadditions with various dipolarophiles including alkyne, alkene, enol ether, or carbonyl compounds. Metal-containing benzopyrylium intermediates (2-2) are generated through an attack of carbonyl group onto the metal-alkyne, as depicted in Scheme 2; these intermediates are capable of reacting with these dipolarophiles to yield various cycloadducts.
In 2002, Yamamoto et al. [5, 6] published seminal papers on AuCl 3 -catalyzed formal [4 + 2] cycloaddition of o-alkynylbenzaldehyde with alkyne via a Au-containing benzopyrylium intermediate, as depicted in Scheme 3. This reaction gave a regioisomeric mixture of highly substituted naphthalene derivatives; the product distribution was sensitive to the alkynyl substituents. As shown in Scheme 3, large R 1 substituents (propyl or phenyl) gave compounds 3-2 as the major regioisomers in which the bulky R 1 group was adjacent to the benzoyl group (entries 1-2). A reverse product distribution was observed for a trimethylsilyl-substituted alkyne that gave 3-3 predominantly (entry 3). In the case of internal alkynes (R 1 = phenyl and R 2 = Me 3 Si or CH 3 ) compounds 3-2 were produced exclusively (entries 4-5).
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An intramolecular version of this [4 + 2] benzannulation was applicable to the synthesis of (+)-rubiginone B2 (4-3) and (+)-ochromycinone (4-4) [7] , members of the angucyclinone family of natural products (Scheme 4). Treatment of oxoalkyne 4-1 with AuCl 3 initiated an efficient intramolecular benzannulation to allow a rapid construction of the 3,4-dihydrotetraphen-1(2H)-one framework, and a subsequent oxidation afforded (+)-rubiginone B2 (4-3). The BCl 3 -mediated demethylation of species 4-3 led to (+)-ochromycinone (4-4), another member of the same natural product series.
We achieved new oxacyclic compounds via Pt-catalyzed [4 + 2] annulation of enynals 5-1 with allylic alcohols [8] . Pt-containing benzopyrylium 5-3 (or pyrilium 5-8) intermediates are capable of reacting with 2-substituted allylic alcohols to yield various oxacyclic compounds 5-6 or 5-10 depending on enynals of the types (Scheme 5). Tetracyclic ketal 5-6 species are obtained stereoselectively from 2-(hex-1-ynyl)benzaldehyde 5-1, whereas tricyclic oxacyclic compounds 5-10 are produced exclusively from non-benzenoid substrates 5-7. These cycloadditions have emerged as powerful tools for the efficient synthesis of complex oxacyclic molecules.
Scheme 6 shows a new Pt-catalyzed synthesis of 9-oxabicyclo[3.3.1]nona-2,6-dienes from readily available 2-alkynyl-1-carbonylbenzene, allylsilane, and water in which the carbocyclization does not involve benzopyrilium species [9] . This is a tandem allylation/annulation sequence involving three consecutive steps: (i) PtCl 2 -catalyzed allylation of the carbonyl group, and (ii) intramolecular hydroalkoxylation of alkyne, producing 1H-isochromene 6-4. The final ene-oxonium annulation relies on Brønsted acid to give 9-oxabicyclo[3.3.1]nona-2,6-dienes 6-5. This oxatricyclic is synthetically interesting because bioactive molecules 6-6 to 6-9 possess the same framework, which showed biological effects in the central nervous system [10], as well as HIV-1 inhibitory activities [11].
Scheme 7 depicts a Au-catalyzed oxacyclization/[4 + 2] cycloaddition cascade for oxoalkyne substrates 7-1 and an enol ether [12] . The cationic Au complex catalyzed an initial 1,3-acyloxy shift of starting 7-1 to generate initial oxoallene 7a, which subsequently formed benzopyrilium of new type 7b via a 6-endo-dig-cyclization. Such a benzopyrilium intermediate reacted well with enol ethers to give molecular framework 9-2. Here, Au(I)-initiated 5-exo cyclization of dienal 9-1 gave an allylic cation 9a that underwent a subsequent nucleophilic attack of allylsilane to give intermediate 9b. 
NITROALKYNE
The synthesis of complex azabicyclic framework 12-2 from readily available nitroalkyne 12-1 and electron-rich alkene is reported from our laboratory (Scheme 12) [15] . This catalytic transformation involved a formal [2 + 2 + 1] cycloaddition among α-carbonyl carbenoid intermediate 12a, a tethered nitroso functionality and external olefins, as represented by species 12a. Here, α-carbonyl carbenoid species 12-a presumably arose from a Au-catalyzed redox process. This carbenoid species underwent an intramolecular cyclization to give oxonium species 12b. Keto-enol equilibrium gave rise to enolate 12c, which is represented also in its resonance form 12d. A [3 + 2] cycloaddition of species 12d with an olefin in a concerted exo-addition mode delivered observed compound 12-2.
ALLENYL ACETALS
We developed also a carbocyclization/[3 + 3] annulation cascade for allenyl acetals and -ketals. Treatment of these substrates with 2-substituted allylsilane and Au catalysts enabled a rapid construction of complex carbocyclic framework with good stereocontrol [16] . The value of this novel annulation protocol is reflected by its access to the framework of naturally occurring dichronal B and taiwaniaquinol [17] . As shown in Scheme 13, the mechanism involves a Prins cyclization of cationic intermediate 13a, resulting in an allylic carbocation 13b that undergoes allylation with silane 13-2, sub-sequently delivering aldehyde 13-3 through a hydride migration. The same reactions of aliphatic substrates 14-1 with phenols or 1,3-diketones led to distinct [3 + 2] annulation, enabling a facile construction of oxacyclic compounds (Scheme 14).
CONCLUSION
Herein, we provide an overview of Au-catalyzed cyclization/cycloaddition cascades. We envisage that such a three-bond formation process meets the simplicity of reaction patterns to attract general readership. Generation of reactive 1,n-dipoles in this cascade sequence is of scientific interest. We endeavored to summarize our recent development in this area. Au-catalyzed tandem cycloadditions emerge as a powerful tool to access complicated molecular architecture. Although recent reports have focused mainly on oxoalkynes, other substrates remain less explored.
